This version is available at https://strathprints.strath.ac.uk/46655/ Strathprints is designed to allow users to access the research output of the University of Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights for the papers on this site are retained by the individual authors and/or other copyright owners. Please check the manuscript for details of any other licences that may have been applied. You may not engage in further distribution of the material for any profitmaking activities or any commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the content of this paper for research or private study, educational, or not-for-profit purposes without prior permission or charge.
INTRODUCTION
In the last two decades, GaN and its alloys with AlN and InN have revolutionized the field of ultraviolet~UV!, blue, and green light-emitting diodes~LEDs! and laser diodes. Such nitride-based devices operate in spite of exhibiting threading dislocation~TD! densities as high as 10 10 cm
Ϫ2
Lester et al., 1995!. However, the reduction of TD densities in nitride semiconductors has been shown to improve the quantum efficiency of the light emission for both InGaNand AlGaN-based structures, and it has been clearly demonstrated that TDs in nitrides give rise to nonradiative recombination~Karpov & Makarov, 2002; Amano et al., 2004; Dai et al., 2009; Ban et al., 2011; Kneissl et al., 2011; Harada et al., 2012; Schiavon et al., 2013 !. One report does, however, show comparable internal quantum efficiency for blue-~but not UV!emitting InGaN/GaN LEDs grown on sapphire and on GaN despite a substantial difference in defect densities~Cao et al., 2004!. There is still debate as to how TDs influence the light emission in nitride semiconductors. Most theory predicts that all TDs~edge, screw, or mixed! should lead to quenching of the luminescence either due to deep electronic states introduced into the band gap by the dislocation itself, or due to the segregation of vacancies, impurities, and/or dopants to the dislocation~Wright & Grossner, 1998; Leung et al., 1999; Northrup, 2001 Northrup, , 2002 Lymperakis et al., 2004 !. The exception is the work of Elsner et al.~1997!, who predicted that both screw and edge TDs are electrically inactive and thus would not quench the luminescence. There are very few publications reporting the correlation of TD type with luminescence behavior. Albrecht et al.~2008! combined cathodoluminescence~CL! with defect-selective etching studies and demonstrated that the presence of edge and mixed TDs in a GaN thin film grown by hydride vapor phase epitaxy led to nonradiative recombination. However, they also observed that screw dislocations did not influence the luminescence. Yamamoto et al.~2003! carried out CL in a transmission electron microscope to interrogate the properties of an epitaxial laterally overgrown InGaN/GaN multiple quantum well structure. They observed that edge and mixed dislocations running parallel to the c-axis led to nonradiative recombination. They also observed screw type TDs running parallel to the~0001! surface and found that these did not affect the luminescence. An extensive investigation of the influence of individual TDs on the luminescence properties of nitride semiconductors grown under a range of different growth conditions has yet to be undertaken, as the techniques available to date are time consuming and require great care to prepare suitable samples. In this article we describe a method, combining electron channeling contrast imaging~ECCI! and CL imaging in a field emission scanning electron microscopẽ SEM!, with which it is possible to rapidly and nondestructively obtain coincident structural and luminescence data from individual TDs over large areas~.100 mm 2 ! of a sample. We report preliminary results from a Si-doped c-plane GaN thin film. The results obtained from ECCI-CL were also compared to those obtained with atomic force microscopy~AFM! data from exactly the same region of the sample.
MATERIALS AND METHODS
ECCI is an emerging technique for characterizing extended defects in nitride semiconductors, where images are produced by electrons that channel down the crystal planes Trager-Cowan et al., 2007; Picard et al., 2007; NareshKumar et al., 2012a NareshKumar et al., , 2012b !. Extremely small changes in crystallographic orientation and local strain are revealed by changes in contrast in a channeling image constructed by monitoring the intensity of backscattered electrons as the electron beam is scanned over a suitably oriented sample. Low angle tilt and rotation boundaries, atomic steps, and dislocations are thus observed in an electron channeling contrast~ECC! image. TDs appear as spots with blackwhite contrast in the ECC image. For materials with a wurtzite crystal structure~such as GaN!,wehavedeveloped a simple geometric procedure to identify a given TD as edge, screw, or mixed by exploiting differences in the direction of the black-white contrast between two ECC images acquired with symmetric channeling conditions~Naresh-Kumar et al., 2012a!.
The conditions required to resolve individual TDs in an ECC image are quite stringent: a high brightness, small~nano-meters!, high current~nanoamps or higher!, low divergencẽ afewmrad! electron beam, is required. Such conditions are met in a field emission SEM. ECC images are generally acquired at electron beam energies of 20-30 keV to obtain the best signal-to-noise ratio. The performance of the diodes used to detect backscattered electrons reduces for lower electron beam energies~Wilkinson & Hirsch, 1997!. The spatial and depth resolution is of the order of tens of nanometers.
CL, the emission of light when a material is bombarded by an electron beam, is well established as a spectroscopic characterization tool in the study of light-emitting semiconductors. CL spectra may provide information on composition, strain, defects, and doping of a sample, as exemplified in Yacobi and Holt~1990! and Parish and Russell~2007!.CL can be used to obtain both spectrally and spatially resolved luminescence properties of materials and is particularly attractive as it is possible to confine the injection of charge carriers within a substantially sub-mm-scale volume. For example, using a field emission SEM and limiting the excitation volume by selecting a low accelerating voltage, 20 nm spaced QWs in GaAs have been resolved Norman, 2000!, while peak shifts in the emission from InGaN/GaN quantum wells over an '10 nm distance have been measured~Bruckbauer et al., 2011; Edwards & Martin, 2011!. A major challenge in using low accelerating voltages, particularly when coupled with the low beam current required for a small spot size, is in detecting the resulting much-reduced light intensity. Therefore, in any measurement, a compromise has to be made between resolution and the signal-to-noise ratio. TDs which give rise to nonradiative recombination are observed as dark spots in a CL image. If the excitation volume is sufficiently small, the size of the dark spots is determined by the minority carrier diffusion length~Yakimov, 2012!.
The results presented in this article are from a GaN:Si sample grown using a Thomas Swan 6 ϫ 2-inch closecoupled showerhead metal-organic vapor phase epitaxỹ MOVPE! reactor. The precursors were trimethylgallium, silane~SiH 4 !, and ammonia~NH 3 !, with H 2 as the carrier gas.~0001! orientated sapphire~c-plane! served as the substrate. A nominally 30 nm thick GaN nucleation layer was g r o w nb e f o r ea5mm thick coalesced GaN layer, which formed after three-dimensional island growth. A multilayer was then grown containing four n-doped 200 nm thick GaN layers with increasing Si-doping concentration~5. Both ECC and CL imaging were performed using an FEI Sirion field emission SEM~FEI, Eindhoven, The Netherlands!. Figure 1 shows the schematics of the experimental setups used for coincident acquisition of ECC and CL images. ECC images were acquired with an electron beam spot of '4 nm, a beam current of '2.5 nA, a beam divergence of '4 mrad, and an electron beam energy of 30 keV. As depicted in Figure 1a , we used a forescatter geometry where the sample is tilted between 30 and 708 to the impinging electron beam and the backscattered electrons are detected by an electron-sensitive diode placed in front of the samplẽ Trager-Cowan et al., 2007; Naresh-Kumar et al., 2012a , 2012b It is also necessary to use a detection system that allows discrimination between electrons leaving the sample that carry channeling information and those that have been diffusely scattered by the sample. An amplifier that can offset the diffuse background signal and amplify the channeling signal is required. We used electron-sensitive diodes and a signal amplifier provided by K.E. Developments Ltd.
Room temperature CL images were acquired with an electron beam spot size of '17 nm, a beam current of '6 nA, and an electron beam energy of 5 keV. Monte Carlo simulations~Drouin et al., 2007! show that fora5k e V electron beam normally incident on a GaN surface, 90% of carriers are generated within a volume ,100 nm in diameter. As illustrated in Figure 1b , the sample was tilted at 458 to the incident electron beam, and the luminescence was collected by a reflecting objective with its optical axis perpendicular to the electron beam and was detected using an Oriel MS125 spectrograph~Oriel Instruments, Stratford, CT, USA! with a cooled Andor Technology Newton electron multiplying charge-coupled device~Andor Technology, Belfast, N. Ireland, UK!. A room temperature CL spectrum was acquired at each point on a raster as the electron beam was scanned across the sample surface. In the present work a raster step of 40 nm was used. After data acquisition, peaks were fitted to each constituent spectrum~a Voigt function was used in the present work!, and the resulting fitting parameters~e.g., peak position, intensity, width, etc.! plotted to create two-dimensional images, which map variations in the emission characteristics. A detailed description of the hyperspectral CL system can be found in Martin et al.
2004! and Edwards et al.~2012!.
Finally, we compared our ECCI and CL results with those obtained by AFM. Tapping mode AFM images were acquired using a Digital Instruments Dimension 3100 microscope~Digital Instruments, now Veeco, Santa Barbara, CA, USA! employing Bruker-Nano RTESP probes~Bruker Nano Inc., Santa Barbara, CA, USA! with a nominal end radius of 8 nm.
TDs form small pits when they terminate at the sample surface and this change in the topography can be detected by AFM. In the present work the sample surface was subjected to an in situ treatment using SiH 4 and NH 3 immediately after growth in the MOVPE reactor, which enlarges the size of the pits and makes it easier to detect dislocations using AFM. In addition, the pit size may be used to distinguish edge type TDs from those with a screw component i.e., screw and mixed dislocations!: the pit size for an edge dislocation is smaller than those with a screw component Oliver et al., 2006b!. Figure 2 shows a typical ECC image from this sample. The differences in gray scale reveal regions of different tilt or twist across the sample and as discussed above, TDs appear as spots with black-white contrast. Note that channeling contrast is still clearly observed from the film in spite of the SiH 4 treatment of the surface. For this image it is possible to discriminate between TDs, which are further than '150 nm apart. The average TD density for the sample was estimated to be~5.1 6 0.4! ϫ 10 8 cm Ϫ2 by averaging the dislocation count from a number of ECC images, including the one shown in Figure 2 . The distribution of the dislocations was analyzed using L~r!, the deviation in the radial distribution compared with Ripley's K function~Ripley, 1977! for randomly distributed points. K~r! is the average number of other dislocations within a distance r of each dislocation in the image~including a correction for dislocations close to the edge of the image!. Our analysis reveals that there is a statistically significant clustering of dislocations compared to a random distribution, with a better than 90% confidence, for length scales .500 nm~based on data for 150 nm Յ r Յ 6 mm!. This may be because of the formation of lines of TDs; for example, the line of dislocations highlighted by the white ellipse in Figure 2 . It has been shown that edge TDs may move during growth following coalescence, forming stable low-energy lines of dislocations preferentially aligned along the^11-20& directions~Moram et al., 2009!. In addition, there appear to be small groups of closely spaced dislocations; for example, the closely spaced dislocations highlighted by the white circle in Figure 2 , which may be formed when large islands overgrow small, highly defective islands~Oliver et al., 2006a!. A discussion of the application of several radial distribution functions to the analysis of the spatial distribution of dislocations in nitride thin films can be found in Moram et al.~2009, 2010 Relative percentages of the different dislocation types were determined using the technique outlined in the "Materials and Methods" section~and described in detail in Naresh-Kumar et al., 2012a!. Around 60% of the observed TDs are edge, ,2% are pure screw dislocations and the remaining are mixed type TDs. Figure 3 shows~a! a CL intensity map,~b! an ECC image, and~c! an AFM image of exactly the same micronscale region of the Si-doped c-plane GaN thin film. These 8.5 ϫ 7 mm images are cropped from a larger image of 16 ϫ 13 mm in size. The smaller images are presented here to allow the detail in the images to be examined and to allow easier comparison. Figure 3a is a CL map of the integrated intensity as determined from the area under the Voigt function fitted to each CL spectrum, an example of which is shown in Figure 4 . The CL map was acquired following the acquisition of the ECC image.
RESULTS AND DISCUSSION
For the ECC image shown in Figure 3b , it is possible to discriminate between TDs, which are more than '80 nm apart. A change in the channeling condition resulted in improved resolution when compared with Figure 2 . Some of the TDs~of order 5%! in the ECC image, such as the one highlighted by a black circle, are observed to have fainter and elongated contrast, that is, appear as short lines '100 nm in length. We surmise that these are projections of inclined TDs @TDs are observed to bend in Si-doped GaN~Brunner et al., 2012!# . Further work acquiring ECC images under different channeling conditions together with dynamical simulations of TD contrast are required to confirm this supposition.
For the CL map shown in Figure 3a , dark spots corresponding to single, isolated~.400 nm from its nearest neighbors! TDs have a diameter of '150 nm. In this case the size of the dark spots is dominated by the excitation volume. The larger dark spots correspond to clusters of TDs where the TDs are ,400 nm apart. The full ECC image revealed '750 TDs; of order 400 of these are resolvable as single dislocations in the CL intensity map. A comparison of the ECC image and the CL intensity map shows a one-to-one correlation for these TDs. The regions of the sample showing highest CL intensity appear to coincide with regions of the sample free of dislocations. However, not all dislocation-free regions show bright CL, possibly indicating the presence of other defects such as point defects.
Acquiring an AFM image from the same region of the sample for which both the ECC image and CL map had been acquired~Fig. 3c! confirms that all dislocations are clearly visible for the channeling conditions selected for the acquisition of the ECC image. In this case the AFM was used to identify those dislocations that are of edge type and those with a screw component~i.e., screw and mixed dislo- cations! and it was not possible to differentiate between screw and mixed dislocations. The ratio of edge dislocations to dislocations with a screw component obtained from AFM is comparable to that obtained from the full ECCI analysis of a neighboring region of the sample. The AFM image also clearly shows atomic steps across the sample. Similar contrast is seen in the ECC image, where atomic steps are observed in the ECC image because of lattice distortion at the steps. Comparison of the ECC and AFM images showed that the inclined dislocations observed in the ECC image correspond to those identified as edge type by AFM, that is, their Burgers vector is the same as that for an edge dislocation, that is, 1/3@11-20#.
Comparison of the CL map and AFM image reveals that the isolated, individual dark spots in the CL map corresponded to TDs of both edge and screw/mixed character. Thus, one may conclude that pure edge dislocations and dislocations with a screw component act as nonradiative recombination centers for our sample. No correlation was found between dislocation types and the size or intensity of the dark spots as seen in the CL intensity map. No definitive conclusions can be made with regard to the influence of pure screw dislocations on the luminescence for this sample because of the clustering of the dislocations and the small number of screw dislocations present in this sample. Future work on samples with a random dislocation distribution and a higher percentage of pure screw dislocations should enable us to elucidate the influence of pure screw dislocations on light emission from nitride semiconductors.
SUMMARY AND CONCLUSIONS
We have shown that it is possible to obtain useful and complementary data on the structural and luminescence properties of GaN thin films by obtaining AFM, ECC, and CL data from the same region of the sample. By comparing AFM and ECC images with a CL image from exactly the same micron-scale region of a sample, we have observed a one-to-one correlation between the presence of single TDs and dark spots resolved in the CL image. In addition, our results show that both pure edge dislocations and those with a screw component act as nonradiative recombination centers for the Si-doped c-plane GaN thin film investigated.
